Compared to all published data from carbonatites and granitoids, the fluorapatite compositions in the Songwe Hill carbonatite, determined by EPMA and LA ICP-MS, have the highest heavy (H)REE concentration of any carbonatite apatite described so far. A combination of this fluorapatite and the REE fluorocarbonates, synchysite-(Ce) and parisite-(Ce), which are the other principal REE bearing minerals at Songwe, gives a REE deposit with a high proportion of Nd and a higher proportion of HREE (Eu-Lu including Y) than most other carbonatites. Since Nd and HREE are currently the most sought REE for commercial applications, the conditions that give rise to this REE profile are particularly important to understand. Multiple apatite crystallisation stages have been differentiated texturally and geochemically at Songwe and fluorapatite is divided into five different types (Ap-0-4). While Ap-0 and Ap-1 are typical of apatite found in fenite and calcite-carbonatite, Ap-2, -3 and -4 are texturally atypical of apatite from carbonatite and are progressively HREE-enriched in later paragenetic stages. Ap-3 and Ap-4 exhibit anhedral, stringer-like textures and their REE distributions display an Y anomaly. These features attest to formation in a hydrothermal environment and fluid inclusion homogenisation temperatures indicate crystallisation occurred between 200-350°C. Ap-3 crystallisation is succeeded by a light (L)REE mineral assemblage of synchysite-(Ce), strontianite and baryte. Finally, late-stage Ap-4 is associated with minor xenotime-(Y) mineralisation and HREE-enriched fluorite. Fluid inclusions in the fluorite constrain the minimum HREE mineralisation temperature to approximately 160°C. A model is suggested where sub-solidus, carbonatite-derived, (carbo)-hydrothermal fluids remobilise and fractionate the REE. Chloride or fluoride complexes retain LREE in solution while rapid precipitation of apatite, owing to its low solubility, leads to destabilisation of HREE complexes and substitution into the apatite structure. The LREE are retained in solution, subsequently forming synchysite-(Ce). This model will be applicable to help guide exploration in other carbonatite complexes.
Introduction
Carbonatites (igneous rocks containing N50% carbonate minerals; Le Maître et al., 2002) are host to some of the largest REE resources (Chakhmouradian and Wall, 2012; Wall, 2014; Verplanck et al., 2016) . However the REE-minerals currently extracted from carbonatites (REE-fluorocarbonates, monazite) are typically LREE-rich (La-Sm) and HREE-poor (Eu-Lu + Y; Wall, 2014) . With the exception of Nd, they are, therefore, deficient in the majority of the REE considered 'critical', i.e. of high economic importance, but at risk of supply disruption (European Commission, 2014; Gunn, 2014) . Only a few examples of carbonatite-related HREE enrichment are known (e.g. Kangankunde, Malawi; Khibiny, Russia; Deadhorse Creek, Canada; Huanglongpu and Huayangchuan, China; Lofdal, Namibia; Pivot Creek, New Zealand; and Bear Lodge, USA; Wall and Mariano, 1996; Zaitsev et al., 1998; Potter and Mitchell, 2005; Xu et al., 2007; Wall et al., 2008; Kynicky et al., 2012; Cooper et al., 2015; Andersen et al., 2016) . With the exception of Lofdal, these are typically minor occurrences forming in late-stage fluid-rich environments.
In this study the composition and texture of REE-bearing minerals at the Songwe Hill carbonatite, Malawi, were investigated with the objective of understanding if there is any mineral phase, or stage in the carbonatite evolution, in which HREE enrichment may occur. Particular attention was paid to the relationship between apatite and REE phases because low-tenor HREE enrichment occurs in late-stage apatite at the Tundulu, Kangankunde and Juquiá carbonatites (Ngwenya, 1994; Wall and Mariano, 1996; Broom-Fendley et al., 2016a; Walter et al., 1995) .
Furthermore, the REE have been identified as a potential co-or by-product of phosphate production (Mariano and Mariano, 2012; Ihlen et al., 2014) .
Fluorapatite (Ca 5 (PO 4 ) 3 F), is ubiquitous in carbonatites and is typically a liquidus phase, but can occur through early magmatic to late hydrothermal stages (Eby, 1975; Kapustin, 1980; Hogarth, 1989) . It readily accommodates the REE in its structure (Pan and Fleet, 2002; Hughes and Rakovan, 2015) . Consequently, the timing of apatite crystallisation during carbonatite evolution can strongly affect the whole-rock REE distribution of a carbonatite and the likelihood of REE deposit formation (Zaitsev et al. 2015) . Apatite habits can vary with the conditions of formation (e.g. Wyllie et al., 1962) , and compositional variation in apatite has been demonstrated to track the magmatic and hydrothermal evolution of alkaline rocks (Zirner et al., 2015; Ladenburger et al., 2016) . Similarly, apatite can elucidate the relationship between carbonatites and associated alkaline rocks (Le Bas and Handley, 1979; Stoppa and Liu, 1995; Wang et al., 2014) , trace carbonatite evolution (Walter et al., 1995) , and provide information on the process of REE mineralisation (Campbell and Henderson, 1997; Broom-Fendley et al., 2016a) .
Considering the above characteristics, a secondary objective of this study is to elucidate the composition of late-stage carbonatite-derived fluids and understand mechanisms for REE transport and fractionation. To this end, trace element analyses of apatite, fluorite and other REEbearing minerals, are presented, as well as a preliminary fluid-inclusion study.
The Songwe Hill carbonatite
The Songwe Hill carbonatite is located in south-eastern Malawi, near the Mozambique border, and is part of the Chilwa Alkaline Province (Fig. 1 ). This province is an essentially intrusive suite of Early Cretaceous alkaline rocks intruded into Precambrian basement (Garson, 1965; Woolley, 2001) . Songwe is the fourth largest of the carbonatites in the province and exploration work by Mkango Resources Ltd. has established a (NI 43-101 compliant) mineral resource estimate, comprising an indicated and inferred component of 13.2 million tonnes (grading 1.62% Total Rare Earth Oxide (TREO)) and 18.6 million tonnes (grading 1.38% TREO) respectively, using a cut-off grade of 1% TREO (Croll et al., 2014) .
The geology of the Songwe Hill carbonatite is described in detail in Croll et al. (2014) and Broom-Fendley (2015) and only a brief overview is presented here. There is evidence for a coarse-grained calcite carbonatite (C1) at depth; however, most exposed rocks at Songwe comprise two, fine-grained, carbonatites (Fig. 1C) , which incorporate varying proportions of brecciated fenite. The earlier stage is a light grey, calcite carbonatite (C2) and the latter is darker and more Fe-rich, termed ferroan calcite carbonatite (C3). REE concentrations are higher in the later-stages of the intrusion, with total REE concentrations in C2 and C3 carbonatite averaging approximately 15,000 and 30,000 ppm, respectively (Broom-Fendley, 2015) . The carbonatite is cross-cut by numerous, laterally discontinuous, late-stage veins varying in width between 1 cm and approximately 1 m. These veins include REE-rich apatite-fluorite veins and, lastly, Fe-Mn-veins caused by low temperature alteration. The intrusion is surrounded by a fenitized and commonly brecciated aureole, extending for an unknown distance from the intrusion.
Methodology
Samples were obtained from diamond drill-core drilled by Mkango Resources in 2011 and 2012. Specimens with high whole-rock P 2 O 5 concentrations were selected to ensure the presence of apatite. Petrography was carried out using cold-cathodoluminescence (CL) and SEM (using the same techniques as described in Broom-Fendley et al., 2016a ) before samples were analysed for trace elements using electron probe micro-analyser (EPMA) and laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS).
EPMA analyses were undertaken at the British Geological Survey (BGS) and Natural History Museum (NHM), London, using a FEI-Quanta 600 scanning electron microscope (SEM) and Cameca SX100 electron microprobe, respectively. The BGS-SEM was operated using the same method detailed in Walters et al. (2013) and Broom-Fendley et al. (2016a) . The operating conditions for the NHM EPMA were 20 kV and 20 nA with a beam size of 5-10 μm. Peak counting times were 20 s for Na, Ca, Mn, P, La, Ce, Cl; 30 s for F, Si, Fe, Pr, Nd, Gd, S; 40 s for Sm, Dy, and 60 s for Y when analysing for apatite and 20 s for Na, Mg, Al, Ca, Mn, P, La, Ce, Cl; 30 s for F, Si, Fe, Pr, Nd, Eu, Gd, S; 40 s for Sm, Dy; 60 s for Y; and 120 s for Th when analysing for REE minerals. Background-counting times were half the peak value. X-ray counts were converted to wt% oxide using the Cameca PAP correction program. Empirical interference corrections were performed for La, Ce and the HREE following Williams (1996) . Correction factors were calculated by measuring the interferences observed on individual REE reference standards. A variety of natural and synthetic primary reference materials were used with an internal apatite standard for quality control.
Trace elements were analysed, using LA ICP-MS, at the BGS and at Aberystwyth University in Wales. Ablation at the BGS utilized the same methodology as described in Broom-Fendley et al. (2016a) . The laser system at Aberystwyth is based on a Coherent/Lambda Physik Compex Pro excimer ArF laser, working at 193 nm, coupled to a Coherent/Lambda Physik GeoLas Pro ablation system. The spot size was 20 μm with a repetition rate of 5 Hz and a corresponding fluence of 10 J cm −2 . Ablated material was analysed using a Thermo-Finnigan Element 2 high resolution ICP-MS, obtaining 10 spectra over 24 s. Analyses were calibrated using SRM 610 as an external standard and SRM 612 as a check standard.
Microthermometric analyses were carried out at the BGS and at McGill University, Canada, using a Linkam THM600 and a TS1500 stage, respectively. Instrument calibration utilized synthetic fluid inclusion standards at − 56.6, 0 and 374°C. Estimated analytical error is ±0.2°C for low (b 50°C) and ±2°C for higher (N 75°C) temperatures.
Paragenesis of apatite and other REE-bearing minerals
REE minerals at Songwe Hill include REE-fluorocarbonates, florencite-(Ce), and minor xenotime-(Y). Importantly, the REE also occur as minor and trace elements in fluorapatite, calcite and fluorite. Compositional data and textural observations for apatite, synchysite-(Ce), florencite-(Ce), fluorite and xenotime-(Y) are presented in paragenetic order in the following subsections, with the interpreted paragenetic sequence summarised in Fig. 2 . The composition and texture of apatite is highly variable and is divided into five groups (Ap-0-4; Table 1 ).
Ap-0 (fenite)
Ap-0 occurs in potassic fenite, outside of the main Songwe carbonatite. It is characterised by large (typically N0.1 mm), partially fragmented anhedral grains, in association with altered K-feldspar and minor zircon. Under CL Ap-0 luminesces purple-mauve, and is compositionally homogeneous in BSE images (Table 1) .
All apatite at Songwe is fluorapatite. Ap-0 has the highest SiO 2 and SO 3 concentration of all the analysed apatite types, but lower U, Th and Na (Tables 2 and 3 ; Fig. 3 ). It is strongly enriched in the LREE with a near-linear REE distribution decreasing towards the HREE, and a small negative Eu-anomaly (Fig. 4) .
Ap-1, Ap-2, (C1-early igneous carbonatite)
Ovoid apatite occurs in early (C1) calcite carbonatite and is subdivided into Ap-1 and Ap-2, respectively representing cores and Garson (1965) , Croll et al. (2014) and Broom-Fendley (2015) . rims. These two apatite types are differentiable in CL and BSE images: Ap-1 is violet while Ap-2 is light blue under CL, and brighter in BSE images (Fig. 5) . Ovoid apatite is associated with large (N100 μm) euhedral to subhedral calcite, euhedral to subhedral zircon, minor pyrochlore and fragmented laths of K-feldspar. Ap-1 and Ap-2 are compositionally similar; REE contents positively correlate with Na, although the correlation is tighter for Y than Ce (Fig. 3A-D) . Ap-1 typically has the lowest REE, Na, U and Th concentrations and moderate Sr concentration relative to the other apatite types (Fig. 3) . Ap-1 has a REE distribution similar to Ap-0, but with a lower LREE concentration, no Eu anomaly and a negative Y anomaly (Fig. 4) . Ap-2 has higher Sr and Ce, slightly higher SiO 2 and slightly lower Na 2 O concentrations relative to Ap-1. Ap-2 has the same LREE distribution as Ap-1, but exhibits elevated HREE-contents around Dy.
Ap-1 is compositionally and texturally similar to 'typical' early apatite in carbonatites, in that it forms bands of LREE-rich ovoid grains, reflecting crystallisation from a turbulent LREE-rich melt (Le Bas, 1989; Hornig-Kjarsgaard, 1998; Bühn et al., 2001; Zaitsev et al., 2015) . These characteristics provide reasonable evidence that Ap-1 is one of the earliest apatite generations to crystallise at Songwe (Fig. 2) .
Evidence for a change in crystallisation conditions is present in the overgrowth of Ap-1 by Ap-2, the latter being more HREE enriched (Fig. 4) . Post-ablation assessment of LA spots using a SEM indicated that the HREE-enriched data are not due to contamination from another phase. It is, therefore, likely that the Ap-2 rims represent a shift towards a more HREE-enriched crystallisation environment. Neither overgrowths nor continued crystallisation occur in zircon or pyrochlore, associated with Ap-1, and these are considered to be a product of early formation only (Fig. 2) .
Ap-3 (C2, C3-main Songwe carbonatite)
Ap-3 is the most abundant apatite type at Songwe. It occurs as an anhedral groundmass and as stringers in calcite carbonatite (C2), latestage ferroan calcite carbonatite (C3) and in ). In one example (T0206) Ap-3 occurs as an overgrowth on Ap-1/Ap-2 grains, illustrative of the crystallisation sequence of these minerals (Fig. 5B) . A wide range of mineral phases are associated with Ap-3, including fluorite, sulphides (predominantly pyrite, but also rare sphalerite and galena), anhedral calcite, ankerite and fragmented K-feldspar. Ap-3 is texturally complex, but has a similar habit and complexity in all of the carbonatite types. Under CL it commonly luminesces bright white-purple ( Fig. 6A-B (see Supplementary Fig. 1 ). This emission spectra corresponds to 'group 1', apatites (after Mitchell, 2014) , where Ce
3+
, Eu 2+ and Eu 3+ lines, commonly attributed to blue CL luminesce, are absent. Some areas of Ap-3 luminesce darker purple or greenish-yellow, most-likely related to small changes in apatite composition. Ap-3 has higher Na and REE concentrations than Ap-1 and -2 and more variable Sr contents (Fig. 3) . The positive correlation between Na and the REE in Ap-1 and Ap-2 is also present in Ap-3 (Fig. 3A) . This trend is strongest between Na and the HREE, especially in calcite carbonatite. Ap-3 has higher concentrations of U and Th than Ap-1 and Ap-2, with a high-Th trend and a lower-Th, higher-U trend (Fig. 3E-F) . Increasing concentration of U and Th corresponds with increasing HREE contents, although there is considerable sample variability. Ap-3 from Mn-Fe-veins displays a significantly different trend to apatite from other carbonatite types as the REE negatively correlate with Sr (Fig. 3G) .
The REE distributions of Ap-3 are HREE enriched relative to other apatite compositions from carbonatites (e.g. Hornig-Kjarsgaard, 1998) , and are all HREE-enriched, relative to Ap-1 and -2 (Fig. 4) . For clarity, they are sub-divided into four groups: (1) flat REE distribution, with less HREE than LREE; (2) slightly convex-up distribution, with similar chondrite-normalised concentrations of the HREE and LREE, and a negative Y anomaly; (3) convex-up distribution, centred on Gd, with a small negative Y anomaly; and (4) LREE-poor, with a strong Dy enrichment and small negative Y anomaly ( Fig. 4C-F, respectively) . No common pattern is evident between the distributions of apatite from the different carbonatite types.
Rare irregular clusters of fluid inclusions occur in Ap-3. These commonly appear disrupted and opened (Fig. 7A ). They are interpreted as primary inclusions as they are randomly distributed away from grain boundaries. Fluid inclusion assemblages from Ap-3 comprise single vapour-phase (V) inclusions, mixed 2-phase aqueous liquid-vapour (LV) and three-phase carbonic liquid and vapour (LLV) with 5-40% vapour bubble volume (estimated using techniques after Shepherd et al., 1985) . Trapped solids are also present in a small number of inclusions: these are rusty brown under PPL and isotropic under XPL indicating that they are probably Fe-oxides.
Microthermometric data were collected from 38 inclusions (Supplementary data), comprising a mixture of three-phase LLV and two-phase LV inclusions. In the LLV inclusions, the carbonic phase melts at −56.75°C (median) indicating that the inclusions are relatively pure CO 2 . Clathrate melting occurs between 1.8-6.9°C (median 4.9°C) corresponding to a salinity range of 8-11 wt% NaCl equivalent (Diamond, 1992) . CO 2 homogenisation to liquid (LH) occurs between 13.4-29.9°C (median 27.65°C). Homogenisation to a single liquid phase occurred between 200-350°C (median 290°C) if an outlier LV inclusion is excluded (Fig. 8) . These temperatures are likely to be close to the temperature of the fluid during crystallisation as the intrusions were emplaced at approximately 3 km depth (Eby et al., 1995) , equivalent to 90 MPa lithostatic, or 30 MPa hydrostatic pressure. Such low pressures have little effect on the difference between homogenisation temperatures and the true fluid temperature (Bodnar, 2003) .
Ap-3 occurs relatively late in the paragenetic sequence as it crosscuts C2 and C3 carbonatites (Fig. 2) . It also occurs in brecciated rocks, forming around fenite and carbonatite fragments. The habit of this apatite type, forming schlieren, patches and microvienlets, is similar to latestage apatite from other localities (e.g. Kapustin, 1980; Ting et al., 1994) . Carbonatites commonly show evidence of multiple stages of fluid reworking, with apatite known to crystallise until relatively late stages of carbonatite emplacement (Kapustin, 1980; Hogarth, 1989; Ting et al., 1994; Broom-Fendley et al., 2016a) . These late-stage apatite types are generally associated with one or more generations of carbo-hydrothermal fluids. The presence of fluid inclusions and an Y/Ho anomaly (Fig. 4 ) also attest to a late hydrothermal environment. In hydrothermal fluids, complexes of YF 2 + are more stable than the equivalent complexes with Dy or Ho (Bau, 1996; Loges et al., 2013) , leading to fractionation between Y and Ho where precipitation is controlled by the stability of the REE in solution. T0134  T0206  T0218  T0206  T0218  T0327*  T0322*  T0322*  T0324*  T0324*  T0262  T0225  T0206  T0250  T0167  U4904  T0134  T0178C  U4909  U4927 0.36 
LREE minerals (C2, C3-main Songwe carbonatite)
Ap-3 bands are truncated by a LREE-bearing mineral assemblage (e.g. Fig. 6C ), providing clear evidence of later LREE crystallisation. The LREE assemblage is dominated by the fluorocarbonate, synchysite-(Ce), with very minor parisite-(Ce) and, locally, florencite-(Ce). Synchysite-(Ce) occurs as randomly orientated laths or tabular crystals and/or fibroradial to plumose aggregates (Fig. 9) . The crystal size varies between 10 μm to 60 μm while crystal aggregates can reach up to 400 μm. Strontianite and/or baryte also occur in the LREE mineral assemblage, either as inclusions and/or intergrowths, forming distinctive vein-like aggregates or segregations (Fig. 9B ). In addition, synchysite-(Ce) is locally associated with calcite, fluorite and K-feldspar.
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after burbankite (Wall and Mariano, 1996; Zaitsev et al., 2002; Wall and Zaitsev, 2004; Moore et al., 2015) . However, at Songwe, the assemblage occurs along fractures, in small cavities or is widespread, and pseudomorphs are not apparent, akin to similar descriptions at Barra do Itapirapuã and Amba Dongar (Andrade et al., 1999; Doroshkevich et al., 2009 ). Florencite-(Ce) is particularly abundant in the groundmass of feldspar-rich samples, forming narrow acicular crystals (b 20 μm in width), and is associated with Fe-and Mn-bearing oxides. Locally, it also occurs as small anhedral crystals along the edges of entrained carbonate in apatite veins, most likely forming a replacement/alteration product of apatite. There is little consistent compositional variation between different florencite-(Ce) and synchysite-(Ce) samples (Table 4) .
Ap-4 (apatite-fluorite veins)
Ap-4 occurs in apatite-fluorite veins found outside the main carbonatite intrusion at Chenga Hill (Fig. 1B) , as well as at depth in drill holes (Broom-Fendley, 2015) . It is texturally similar to Ap-3, comprising aggregates of euhedral to subhedral grains, each with a resorbed core and a recrystallised overgrowth (Fig. 10) . This apatite type is associated with fluorite, calcite, baryte, quartz and xenotime-(Y). It displays tan-green and purple-white luminescence similar to Ap-3 (Fig. 6 ) but has a considerably more complex texture in BSE images (Fig. 10) . Earlier remnant dark cores are overgrown by bright, spongy apatite, which is commonly overgrown by xenotime-(Y). Ap-4 is compositionally similar to Ap-3 but Na, Sr, U and REE concentrations are among the highest of all the apatite analysed (Fig. 3) . Na and Y are positively related, while Ce and Na show a weak relationship. The REE distribution of Ap-4 is LREE poor and HREE enriched with a small negative Y anomaly (Fig. 4F) .
Small fluid inclusions are abundant in Ap-4 but the apatite is commonly turbid and the inclusions are not amenable to study (Fig. 7B) . Where inclusions are discernible, they are interpreted as primary on the basis of their elongate habits, and occurrence parallel to grain boundaries. Many inclusions, however, have leaked and few LV inclusions remain. There are no inclusions with more than two phases and few have a readily visible vapour bubble. Few microthermometric data are available from Ap-4; no ice melting was observable. Homogenisation temperatures, by disappearance of the vapour phase, ranged between 160-230°C if a single outlier is excluded (Supplementary data; Fig. 8 ).
Cross-cutting relationships for Ap-4 and other apatite types are scarce as Ap-4 principally occurs in thin veins outside of the carbonatite. As these veins are associated with fluorite mineralisation, Ap-4 is interpreted to occur late in the paragenetic sequence, as further supported by its lower fluid inclusion homogenisation temperature than Ap-3 (Fig. 8) .
Xenotime-(Y) (apatite-fluorite veins)
Minor xenotime-(Y) crystallisation follows the formation of Ap-4 in the apatite-fluorite veins at Chenga Hill. Xenotime-(Y) occurs in two habits, both of which are synchronous with recrystallised calcite and are commonly found in association with fluorite:
1. Xenotime-(Y) associated with fine-grained bands of rutile, zircon and Fe-oxides, and fenite clasts (Fig. 11A ). This xenotime type is small (up to 10 μm across) and uncommon, accounting for approximately 5% of the xenotime present. It is associated with euhedral Fe-oxides, subhedral rutile and disseminated zircon. The xenotime commonly overgrows zircon and/or rutile, but also forms solitary euhedral crystals. (Fig. 11B ). This xenotime type is larger (up to 50 μm across) and the most abundant (approximately 95 modal % of the xenotime present). It exhibits fine oscillatory zones, with a small rutile core and a spongy Zr-rich phase.
Xenotime-(Y) occurring as overgrowths on apatite
Compositionally, the two xenotime types are similar (Table 5 ; Fig.  12A-B) . Only UO 2 and ThO 2 vary, and are slightly more concentrated in xenotime overgrowing apatite, although this is clearer for ThO 2 than for UO 2 as UO 2 concentrations show a large degree of scatter. There is no difference between the REE distributions of the xenotime types. Both are enriched in HREE, peaking at Y and with no Y or Eu anomalies (Fig. 12B) .
Fluorite (apatite-fluorite veins)
Extensive fluorite mineralisation is associated with Ap-4 in the apatite-fluorite veins. Fluorite is anhedral and crystallises after Ap-4. It occurs as stringers or as discreet patches, and is commonly associated with bright orange-luminescent calcite.
Fluorite was analysed from fluid inclusion-poor areas of an apatitefluorite vein sample (U4909). The concentrations of most trace elements, including the REE, are low compared to those in apatite and there is little correlation between the different elements (Table 6) . REE contents total b 1000 ppm, of which most (N500 ppm) is Y, corresponding with a positive Y anomaly on chondrite-normalised REE diagrams (Fig. 13) . Fluorite is depleted in the LREE, and is HREE-enriched. With the exception of the Y anomaly, the REE pattern is similar to that of Ap-4, except an order of magnitude lower. Fluorite contains many simple LV fluid inclusions that are interpreted as primary on the basis of uniform vapour volumes (15-20%), negative mineral shapes and random distribution within the host mineral grain (Fig. 7C) . A small number of inclusions also contained a trapped, highly birefringent, mineral, interpreted as a carbonate.
Microthermometric data were acquired from 44 inclusions (Supplementary data). Homogenisation temperatures to liquid ranged between Fig. 8 ) and final ice melting temperatures between −8.6 and −0.3°C. These temperatures correspond to a salinity range of 0.5-12.5 wt% NaCl, assuming a pure NaCl composition (Bodnar, 1993) . Heating of the sample was aborted after 170°C to reduce the impact of leakage; consequently one data point does not have a homogenisation temperature. Decrepitation also occurred in some samples; this took place after homogenisation, but meant fewer melting temperatures were acquired.
120-170°C (median 151°C;
Fluorite is interpreted as one of the last minerals to crystallise at Songwe, which is common in many carbonatites (Simonetti and Bell, 1995; Palmer and Williams-Jones, 1996; Williams-Jones and Palmer, 2002) . After fluorite mineralisation, late-stage quartz crystallisation occurs, followed by alteration of the carbonatite by low-T late fluids (Fig. 2) .
Discussion

Comparison with REE-bearing minerals from other localities and rock types
Apatite
It is evident from this study that most apatite at Songwe is HREEenriched and crystallisation occurred late in the carbonatite evolution. For comparison with apatite from other localities, a database of apatite compositions has been compiled (Supplementary information). This database comprises apatite compositions from carbonatites and granitoids and incorporates previously published discrimination diagrams (Hogarth, 1989; Belousova et al., 2002) . Data, however, are primarily obtained from LA ICP-MS and large EPMA datasets have been excluded (e.g. Fleischer and Altschuler, 1986) . A brief discussion on the comparability of these datasets is available in the Supplementary information. Studies of late-stage apatite in carbonatites are less common (Ngwenya, 1994; Wall and Mariano, 1996; Walter et al., 1995) . However, recently published LA ICP-MS data are available for latestage, HREE-enriched, apatite from the Kangankunde and Tundulu carbonatites, Malawi (Broom-Fendley et al., 2016a) . This allows some geochemical comparison with Songwe apatite.
Compositionally, all the apatite data from Songwe plot in the carbonatite Mn-Sr field (after Hogarth, 1989 and Belousova et al., 2002 ; Fig. 14A ), reaffirming the apatite is carbonatite-derived. Fenite apatite compositions from Songwe, with just 1000 ppm Sr, are an exception to this but Mn analyses have poor accuracy and are not plotted. When compared using a Y-Sr diagram (Fig. 14B) , Songwe apatite plots outside the carbonatite field of Belousova et al. (2002) ; Ap-0 from fenite has a more granitoid-like composition and Ap-3 and Ap-4 have much higher Y concentrations than other carbonatite-apatite analyses. This pattern is also clear where Y and La are used for comparison of REE concentrations (Fig. 14C ): Ap-3 and Ap-4 have Y concentrations similar to, or higher than, apatite from granitoids. Y concentrations are higher than apatite from Tundulu and Kangankunde, indicating that apatite at Songwe has the highest published HREE concentrations of any carbonatite-derived apatite within the bounds of our literature search.
Regardless of their similar HREE-enrichment, apatite from Songwe differs texturally to apatite from Tundulu and Kangankunde: core-rim overgrowths are readily identifiable in apatite from these carbonatites but are absent in Ap-3 from Songwe. Mineral associations, too, are dissimilar: at Kangankunde and Tundulu, quartz is associated with the late apatite overgrowths, but at Songwe quartz is uncommon. Extensive calcite is associated with the apatite at Songwe, but very little carbonate occurs with late-stage apatite at Kangankunde or Tundulu. Apatite crystallisation at both Songwe and Tundulu, however, precedes REEfluorocarbonate mineralisation. Ap-3 appears to be most texturally similar to the fine-grained, anhedral apatite at Sukulu, Uganda (Ting et al., 1994) . While no HREE data are available for apatite from this intrusion, it does display high Na 2 O, REE 2 O 3 and SrO concentrations.
Xenotime
Xenotime is an uncommon phase in carbonatites and only xenotime-(Y) from Kangankunde has formed in a late-stage environment similar to that at Songwe. Wall and Mariano (1996) analysed Kangankunde xenotime using EPMA, permitting comparison with Songwe. Kangankunde xenotime is MREE enriched, peaking at Tb, while xenotime from Songwe has a more typical REE distribution, centred on Y (Fig. 12) . Wall and Mariano (1996) interpreted the unusual distribution at Kangankunde as a function of the partition coefficients of apatite and xenotime co-crystallising from an MREE-rich fluid. Texturally, however, xenotime overgrowths on apatite at Songwe appear to have formed after the apatite, and therefore co-crystallisation is unlikely. Instead, xenotime at Songwe may have formed from a late HREE-rich fluid phase, associated with the fluorite mineralisation. Carbonatitic xenotime from Songwe, Kangankunde (Wall and Mariano, 1996) and Lofdal (Wall et al., 2008) does not display an Eu-anomaly, in contrast to xenotime from granitic rocks (e.g. Förster, 1998).
Fluorite
Fluorite, like apatite, readily accommodates the REE and can be used to trace the REE distribution of fluorite-forming fluids (e.g. Gagnon et al., 2003; Schwinn and Markl, 2005; Xu et al., 2012) . Almost all fluorite from carbonatite displays a positive Y anomaly (Bühn et al., 2003; Xu et al., 2012) . For example, fluorite REE distributions at Okorusu, Namibia, have La/Yb (i.e. degree of HREE enrichment) and Y/Ho ratios (magnitude of Y anomaly) which decrease in later fluorite (Bühn et al., 2003, Fig. 15 ). The composition and REE distribution of fluorite from different carbonatites, however, is varied. Sr contents vary from 1 ppm to 1 wt% and Y concentrations are between 1-1000 ppm ( magnitude seen at Songwe, however, have not been observed in fluorite from other carbonatites (Fig. 15) .
What can the mineral compositions and fluid-inclusion data tell us about the late-stage fluids at Songwe?
The high HREE contents of apatite and fluorite, compared with other carbonatites, and the presence of xenotime are testament to the elevated HREE at the later stages of emplacement at Songwe. This is highly unusual in carbonatite, where the rocks and minerals are characteristically LREE rich (e.g. Hornig-Kjarsgaard, 1998). The combined geochemical, fluid inclusion and textural data indicate that this HREE enrichment occurs in a fluid-rich environment. Using the paragenetic information, apatite composition and fluid inclusion data, it is possible to infer some characteristics of this late-stage fluid and the behaviour of the REE during transport and deposition.
The presence of F-bearing minerals, and a positive Y anomaly, provides unequivocal evidence of F in the fluid. Furthermore, high CO 2 and Cl activity is supported by the presence of CO 2 and NaCl in fluid inclusions, as is common in carbonatite-derived fluid (Rankin, 2005) .
Magmatic halite from the St Honoré carbonatite also attests to the presence of Cl in carbonatite magmas and, therefore, supports the likelihood of its presence in a carbonatite-derived hydrothermal fluid (Kamenetsky et al., 2015) . The predominance of Ca-REEfluorocarbonates and apatite, as well as the absence of bastnäsite, potentially indicates a high Ca and P activity in the fluid. However, for apatite, incorporation of these elements through reaction with the magmatic carbonatite is likely (e.g. Kasioptas et al., 2008 Kasioptas et al., , 2011 .
From the fluid inclusion data it is also possible to make some general observations (Fig. 2C ):
1. CO 2 is only present in inclusions in Ap-3, and a large proportion of the inclusions in this apatite type are vapour rich.
2. The proportion of single-phase vapour inclusions decreases later in the paragenesis.
3. The homogenisation temperature of the inclusions decreases at later stages in the paragenesis.
The presence of CO 2 and the saline nature of inclusions in Ap-3 indicates both chloride and carbonate/bicarbonate may have been present in a fluid. In inclusions hosted by Ap-4 and fluorite, however, only chloride can be inferred because of the lack of a CO 2 bubble. The Table 4 Selected synchysite-(Ce) and florencite-(Ce) major element compositions by EPMA. Sample no.:  P17593  P17593  P17598  P17598  P17599  P17599  P17589  P17589  T0318  T0318  T0319  T0319  T0319  Synchysite-(Ce) Florencite-(Ce) homogenisation temperature of the inclusions in fluorite, because of its crystallisation after the final apatite stages, provides an absolute minimum temperature for HREE mineralisation of approximately 160°C.
Cause of HREE enrichment in apatite
Cross-cutting relationships and the fine-grained, stringer-like apatite texture indicates that apatite precipitated out of solution very early during the hydrothermal fluid evolution. Early precipitation of phosphate is logical as REE-phosphates are relatively insoluble in hydrothermal fluids, especially at elevated temperatures (Poitrasson et al., 2004; Cetiner et al., 2005; Gysi et al., 2015; Louvel et al., 2015; Zhou et al., 2016) . The solubility of apatite in a hydrothermal fluid is less well constrained, but experiments in silicate melts show that it is more soluble than monazite and solubility increases with increasing NaCl concentration (Ayers and Watson, 1991; Wolf and London, 1995; Piccoli and Candela, 2002) . The low solubility of apatite is also indicated by alteration assemblages of monazite, apatite and bastnäsite from Bayan Obo (Smith et al., 1999) . It is unclear why apatite forms at Songwe, rather than monazite, especially given its lower solubility and the abundance of LREE. One possibility is that in alkali, Cl − -or F − -bearing fluids, monazite solubility could be greater than apatite, and in these situations, apatite has a greater capacity to incorporate high concentrations (up to 23 wt%) of the REE (Krenn et al., 2012) . Alternatively, the abundance of Ca, from magmatic calcite, may have played a role, as apatite can readily be synthesised through reaction of P-bearing fluids with carbonates (Kasioptas et al., 2008 (Kasioptas et al., , 2011 .
The highly variable REE concentration in Ap-3 and Ap-4, indicates the hydrothermal fluid, or fluids, were capable of both transporting and fractionating the REE. One mechanism for fractionating the REE in a hydrothermal fluid could be though preferential stability of different REE complexes in solution. Fluoride, chloride and carbonate/bicarbonate complexes are viable candidates for REE transport and fractionation at Songwe. LREE-fluoride and -chloride complexes are more stable than their HREE equivalents in hydrothermal systems and could, therefore, fractionate the REE during transport between 150-400°C (Migdisov et al., 2009; Williams-Jones et al., 2012) . Similar fractionation mechanisms have been proposed at the Nechalacho deposit, Canada, Pivot Creek, New Zealand and in late-stage apatite at Tundulu (Sheard et al., 2012; Williams-Jones et al., 2012; Cooper et al., 2015; Broom-Fendley et al., 2016a) . Some depositional models for the REE in alkaline systems consider sulphate as an important ligand for REE transport (e.g. Xie et al., 2009 Xie et al., , 2015 . However, our new fluid inclusion and mineralogical data indicates this is not likely to be a major fluid component. Furthermore, experimentally derived stability constants for LREE and HREE sulphate complexes are similar and would therefore be unlikely to cause fractionation of the REE (Migdisov et al., 2006; Migdisov and Williams-Jones, 2008) .
If the REE are complexed by fluoride or chloride, then rapid precipitation of apatite would lead to the destabilisation of REE complexes (Migdisov and Williams-Jones, 2014; Louvel et al. 2015) . This is likely to occur through back-reaction of the exsolved fluid with the host carbonatite, though depressurisation/degassing or cooling could also lead to precipitation. Owing to their lower stability, the HREE complexes would preferentially destabilise over the LREE equivalents, leading to incorporation of the HREE into the precipitated apatite. LREE-complexes with F − or Cl − would remain in solution and subsequent evolution and cooling of the exsolved fluid could lead to the latter precipitation of LREE fluorocarbonates, strontianite and baryte. This implies that fluoride, sulphate and carbonate remain in solution after crystallisation of apatite.
It is difficult to envisage extensive transport of acidic REE-chloride and/or fluoride complexes in a carbonate-rich environment. Such fluids would rapidly react with the host carbonatite and precipitate. An alternative mechanism is carbonate complexation and transportation. CO 2 concentrations are high in carbonatitic fluids, and carbonate complexes could be a major carrier of the REE, especially given their 'hard' nature (Pearson, 1963) . Limited experimental data on the differential stability of REE-carbonate complexes means that it is difficult to assess their importance in the fractionation of the REE at Songwe. It is postulated that REE-carbonate complexes could have different stabilities between the LREE and the HREE, in a manner akin to the stability of fluoride and chloride REE complexes (e.g. Williams-Jones et al., 2012) .
If the REE are complexed by carbonate, then CO 2 degassing could be a viable depositional mechanism. The presence of mixed LV, LLV and V fluid inclusions in Ap-3 suggests that un-mixing and degassing is taking place. This would rapidly remove CO 2 from a fluid, potentially destabilising REE-carbonate complexes and leading to REE substitution in apatite. Such a depositional mechanism is also supported by the O isotope composition of the apatite at Songwe Hill, which ranges between −1 to +3‰ (VSMOW). These values, which are more negative than the primary igneous carbonatite field, correspond with the modelled composition of apatite crystallising from a cooling CO 2 -rich fluid (Broom-Fendley et al., 2016b) .
Further hydrothermal alteration
The presence of extensive HREE-rich fluorite mineralisation associated with Ap-4 and xenotime, late in the paragenesis, indicates that some remobilisation of the HREE took place. Fluid inclusions from fluorite show that this occurred at about 160°C, comparable with mineralisation from many other carbonatite-related fluorite deposits (Palmer and Williams-Jones, 1996; Williams-Jones and Palmer, 2002; Bühn et al., 2002) . It is unlikely that rapid precipitation of apatite caused this late mineralisation stage, and therefore an alternative solution is required. One such possibility is that the late, low T, fluorite mineralising fluids caused reprecipitation of apatite, facilitated by the retrograde solubility of REE-phosphates (Poitrasson et al., 2004; Cetiner et al., 2005; Gysi et al., 2015; Louvel et al., 2015) . Fluorine and/or chlorine, from the fluorite-mineralising fluid, attacked earlier REE-bearing apatite, preferentially removing the HREE and Y. Subsequently, this fluid re-precipitated Ap-4 and xenotime as a later, more HREE-rich, generation.
Source of the HREE-rich fluids
A hydrothermal model is favoured to explain the REE mineralisation at Songwe, and the prevalence of HREE-enriched apatite over typical ovoid apatite from carbonatites. The reasons for the extensive development of this hydrothermal fluorapatite at Songwe but not at other carbonatites in the Chilwa Alkaline Province are important to understand.
The source for the hydrothermal fluid assumed in this depositional model is exsolution from the carbonatite during its evolution. Fluid exsolution during carbonatite ascent, decompression and cooling is a process that occurs in many carbonatites, and is commonly responsible for LREE, fluorite and baryte mineralisation (Le Bas, 1989; Rankin, 2005) . The composition of the exsolved fluids is poorly understood but, from the limited studies where they have been characterised, they are generally considered to be composed of Na-K-chloride-carbonate/bicarbonate brines (Rankin, 2005) . The only study where the chemistry of these fluids has been characterised shows that they can be rich in the REE (up to 40,000 ppm total REE) as well as Ba, Sr, Na and K (Bühn and Rankin, 1999 ).
An alternative, more speculative, possibility is that the fluid source was the neighbouring Mauze nepheline syenite intrusion rather than the Songwe carbonatite itself (Fig. 1) . Mauze has been dated as, within uncertainty, the same age as Songwe Hill (Broom-Fendley, 2015) , and therefore would have been crystallising and cooling when Songwe was emplaced. It is possible that acidic, REE-bearing, fluids were exsolved during the late stage evolution of Mauze. Analyses of potentially-similar fluids from the Capitan Pluton, New Mexico, indicate that such fluids have the capacity to transport relatively high concentrations of the REE (200-1300 ppm), although this is commonly LREE-dominant (Banks et al., 1994) . Such fluids could be exsolved from Mauze and react with the carbonate at Songwe to form apatite, akin to skarn reactions (cf. Estrade et al., 2015) . Whole-rock, MREE-depleted REE distributions of samples from Mauze and low REE and P 2 O 5 concentrations support this hypothesis, potentially indicating removal of the MREE (BroomFendley, 2015) . However, the low Mn and high Sr concentrations of the late apatite are strong evidence for a carbonatitic origin and this hypothesis is therefore unlikely.
A third possibility is that mineralisation was caused by mixing of carbonatite-derived fluids with meteoric water, driven by the cooling of Songwe and/or Mauze. Mauze is a more likely candidate for this 'heat-engine' owing to its much larger size. Evidence for hydrothermal activity associated with syenite-granite at Zomba, in the north of the Chilwa Alkaline Province, lends support to this notion. Here, hydrothermal fluids with temperatures, calculated by Ti in zircon thermometry, of approximately 500-600°C occurred for up to 3 Ma after emplacement (Soman et al., 2010) . Furthermore, for the same intrusion, Eby et al. Spot  F1  F2  F3  F4  F5  F6  F7  F9  F10  F14  F15  F16  F17  F18  F19  F20   Na  52  150  190  68  130  240  62  170  74  41  39  110  120  67  98 (1995) calculated, from K-Ar amphibole and fission-track zircon ages, that the cooling rate of Zomba was approximately 23°C/Ma. None of the other carbonatites in the Chilwa Alkaline Province are associated with such large intrusions and the presence of the Mauze 'heat-engine' could be the important factor in differentiating the mineralisation at Songwe from the other carbonatites in the province.
Conclusions and implications
The principal REE-bearing minerals at the Songwe Hill carbonatite, Malawi, are synchysite-(Ce) and fluorapatite, together with minor xenotime-(Y), parisite-(Ce) and florencite-(Ce).
Comparison of apatite compositions at Songwe with other carbonatite-and granitoid-hosted apatite indicates that apatite from Songwe is the most HREE-rich apatite yet documented. This apatite composition gives the Songwe Hill REE deposit a higher proportion of HREE than almost all other carbonatite-related REE deposits. Such ore deposits, with significant amounts of HREE, are particularly sought after.
Five different apatite groups have been identified at Songwe (Ap-0-Ap-4). Ap-0 occurs in fenite only. Ap-1 crystallised in early calcite carbonatite and is LREE-enriched. Progressive levels of HREE enrichment then occur in Ap-2, -3 and -4 in later carbonatite generations. The main HREE-enriched and most abundant apatite, Ap-3, crystallised in a (carbo)-hydrothermal environment that produced a Y/Ho anomaly, fluid inclusions and formed veins and stringers cutting earlier carbonatite. The precipitation of Ap-3 preceded crystallisation of synchysite-(Ce), the main LREE mineral, as indicated by the termination of Ap-3 veins by an assemblage of, synchysite-(Ce), strontianite, baryte and calcite.
The transport and fractionation of the REE observed at Songwe partly supports the hypothesis of Migdisov and Williams-Jones (2014) and Williams-Jones et al. (2012) regarding preferential LREE solubility as chloride complexes in which the HREE are precipitated first and LREE Combined fields from Belousova et al. (2002) and Hogarth (1989); 3 Fields after Belousova et al. (2002) and Hogarth (1989) , redrawn to better represent the wider compositional range when incorporating additional published data. CHARAC field after Bau, 1996. are retained in solution. Although the results for HREE-enriched Ap-3 and later synchysite-(Ce) are consistent with this hypothesis, there is also evidence that fluoride and carbonate complexation may have had a substantial role. A carbonatite-derived fluid source is favoured; where hydrothermal fluids were exsolved as the carbonatite melt ascended, decompressed and cooled. A possible explanation for the presence of large amounts of fluorapatite at Songwe Hill but not at other Chilwa carbonatite complexes is the presence of the nearby larger Mauze nepheline syenite intrusion, which could have acted as a heat engine to drive a hydrothermal circulation system. The other Chilwa carbonatites do not have these kind of associated larger nepheline syenite intrusions.
These results should be applicable to help exploration models for other carbonatite complexes. Anhedral, late apatite and mineral assemblages at the margins of the complex are preferential targets for higher proportions of HREE.
